The hybrid sulfur process is being investigated as an efficient way to produce clean hydrogen on a large scale at efficiencies higher than water electrolysis. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] In this thermochemical cycle, sulfuric acid is decomposed at high temperature ͑ϳ850°C͒ to SO 2 and water, and the SO 2 is converted back to sulfuric acid in a proton exchange membrane ͑PEM͒ electrolyzer. Hence, the sulfur compounds are internally recycled, such that the overall process decomposes water into hydrogen and oxygen. We developed a gas-fed anode electrolyzer in which SO 2 is oxidized to H 2 SO 4 via the following reaction 11, 13, 15, 16 
͓1͔
where SHE is the standard hydrogen electrode. The water required for Reaction 1 is supplied via the membrane from the cathode. The H + produced in Reaction 1 migrates through the membrane and reduces to hydrogen at the cathode 2H + + 2e − → H 2 E 0 = 0 V vs SHE ͓2͔
We have successfully carried out Reactions 1 and 2 over a range of operating conditions ͑e.g., temperature, flow rate, and pressure differential͒ and design variations ͑i.e., catalyst loading and membrane type and thickness͒. 11, 13, 15, 16 We showed that water transport affected the electrolyzer performance ͑i.e., cell voltage͒ by controlling the sulfuric acid concentration at the anode. We in turn developed a model to predict water flux through the membrane as a function of membrane thickness, temperature, current density, and pressure differential. 16 We were able to accurately predict water management and correlate the resulting sulfuric acid concentration to the operating voltage.
Unfortunately, a detrimental side reaction occurs when SO 2 crosses the membrane to the cathode and is reduced to sulfur via the reaction
The reduction of SO 2 to sulfur at the cathode consumes current that would otherwise be used for the production of hydrogen, introduces oxygen and SO 2 to the hydrogen stream that must be separated, and may increase cell resistance due to sulfur deposits in the electrode. SO 2 crossing the membrane, even if it is not reduced at the cathode via Reaction 3, is lost to the cycle and must be resupplied. For example, researchers at the Savannah River National Laboratory ͑SRNL͒ have observed a sulfur layer between the membrane and the cathode in the liquid-fed anode system, which leads to a significant delamination of the cathode from the membrane. 17 The delamination of the cathode is troubling because it occurs within 20 h of operation, and the long-term effects are not known. Hence, controlling the SO 2 crossover is critical to the long-term operation of the electrolyzer. Therefore, we have developed a model to quantify the SO 2 crossover and simulate how it is influenced by water transport.
Experimental
The experimental setup was similar to that reported in previous papers. 15, 16 The cell was the standard 10 cm 2 cell from Fuel Cell Technologies, Inc. The reactants and products were passed through Kynar plates instead of the aluminum end plates. The cell was sandwiched between the aluminum end plates. The temperature was maintained by the use of heating rods inserted into the aluminum end plates.
Liquid water was fed to the cathode by a metering pump, and gaseous SO 2 was fed to the anode. The cell was maintained at 80°C, and the water was heated to 88°C before being fed to the cathode. The membrane electrode assembly ͑MEA͒ contained Pt black with a loading of 1.5 mg/cm 2 on each side of the membrane. The membranes were either N212 or N115 ͑2 and 5 mil thicknesses, respectively͒. The SO 2 flow rate was maintained so that the conversion rate at the anode was 20%. We have shown previously, however, that conversion and catalyst loading have little effect on the electrolyzer performance. 15 A pressure differential was maintained across the membrane by the use of a globe valve on the exit stream of the cathode. The gaseous feed stream to the anode was maintained at 101 kPa. The electrolyzer was run at a constant current and different pressure differentials, and energy dispersive X-ray ͑EDX͒ elemental analysis was performed on the anode and cathode to determine the buildup of sulfur in the cathode.
The electrochemical monitoring technique 18 was used to determine the diffusion coefficient and the solubility of SO 2 in Nafion. The membrane pressure differential was initially maintained at ⌬P = 0 kPa, N 2 was fed to the gas side, and a voltage of 0.31 V was applied. The gas was then switched to SO 2 , with the cell voltage maintained at 0.31 V. The SO 2 crossing the membrane was oxidized to sulfuric acid on the liquid water side and hydrogen evolved on the gaseous SO 2 side. The slight increase in the water flux toward the gaseous SO 2 side due to the electro-osmotic drag was considered negligible for the analysis. The measured limiting current was a result of the mass-transfer-limited flux of SO 2 across the membrane, with the transient data useful for determining the diffusion coefficient and solubility.
The water uptake of the membrane was measured by equilibrating the membrane with sulfuric acid and measuring the weight change. The weight change was attributed to the absorption of water by the membrane. The experiment was carried out over a range of temperatures from 40 to 90°C.
EDX elemental analysis was performed on MEAs after testing. A cross section of the MEA was imaged using scanning electron microscopy ͑SEM͒, and the sulfur content of the anode and cathode was measured using elemental analysis to determine the amount of sulfur reduced at the cathode during operation. The gas diffusion layers were removed prior to imaging.
Model Development
For a cell operating under conditions to drive Reactions 1 and 2, the water transport model was developed in our previous paper, 16 with the water flux equation given by
A list of parameter values and the resulting water flux, N w , from Eq. 4 as a function of current, pressure differential, and membrane thickness has been given previously. 16 The pre-exponential factors in the diffusion coefficient
have been found to be weak functions of temperature. Because the temperature dependence was small, the same value was used at all temperatures ͑i.e., A 1 = 2.2 ϫ 10 −3 cm 2 /s and A 2 = 8.3 ϫ 10 −4 cm 2 /s͒. The water content of the membrane, , was measured as a function of sulfuric acid concentration by equilibrating the membrane with a solution of sulfuric acid and measuring the change in weight. The weight gain was attributed to the water uptake, and at 80°C the expression was found to be a = 123.8y w 3 − 224.01y w 2 + 134.14y w − 16.35 ͓6͔
where a w is the activity of water. Our previous paper 3 used an expression for water uptake in the vapor phase at 30°C. 19 Water uptake was not a strong function of temperature; Eq. 6 was used at all temperatures. Once N w is obtained, Eq. 4 can be used to obtain the profile through the membrane ͓i.e., ͑x͔͒. The water flux, N w , and the profile, both found from Eq. 4, can be used to calculate the flux of SO 2 via the following equation
with the boundary conditions C SO 2 = C SO 2 ‫ء‬ at x = 0 ͑gas anode side͒ and C SO 2 = 0 at x = ␦ M ͑liquid cathode side͒. The flux of SO 2 is a combination of convective transport with the water toward the anode ͑first term on the right͒ and diffusional flux to the cathode due to a concentration gradient ͑second term on the right͒.
When the water flux obtained via Eq. 4 is zero ͑i.e., no pressure differential, open-circuit conditions͒ Eq. 7 reduces to the following form 
͓9͔
Equation 9 can be solved with the following initial and boundary conditions 18 C SO 2 = 0 @ t = 0 ͓10a͔
to render the following equation for the SO 2 crossover current as a function of time
ͬͪ ͓11͔
The electrochemical monitoring technique is used to calculate the parameters D SO 2 and C SO 2 ‫ء‬ via a least-squares fit method at conditions under which Eq. 8 is valid ͑i.e., N w = 0͒. 18 The current achieved during the electrochemical monitoring technique is small enough that water flux due to electro-osmotic drag is assumed to be negligible. The in Eq. 11 is defined as
The SO 2 flux is converted to a crossover current density by the following relationship
Results and Discussion
As given by Eq. 7, a SO 2 crossover is a strong function of the water transport in the membrane. Thus, any discussion of SO 2 crossover must begin with an investigation of water flux in the membrane. Solving Eq. 4, along with parameters given previously, 16 gives the flux of water through the membranes as a function of current density at differential pressures of 600 and 0 kPa; these values are shown in Fig. 1 . The two pressure differentials were chosen to highlight the extreme cases of high and low pressure differentials. The points are data and the lines are model predictions. For the conditions shown in Fig. 1 , the water flux to the anode increases with current density up to approximately 0.5 A/cm 2 . At current densities higher than 0.5 A/cm 2 , the electro-osmotic drag to the cathode is high enough to offset the diffusion and pressuredriven flux to the anode. Under these conditions, the water flux to the anode begins to decrease. The model predicts a decrease in the water flux to the anode at current densities above 0.5 A/cm 2 for the ⌬P = 0 kPa case. However, due to the more concentrated sulfuric acid 16, 20 at ⌬P = 0 kPa, the electrolyzers could not be run past 0.5 A/cm 2 . The water flux values shown in Fig. 1 Fig. 2 . Initially, N 2 is sent to the gas side ͑cath-ode͒ and liquid water is sent to the other ͑anode͒, with ⌬P = 0 kPa. At time t = 0 s, a step voltage of 0.31 V is applied. The current density immediately increases due to double-layer charging and then begins to decay. Once the current reaches the steady-state value at t = t ‫ء‬ , the gas at the cathode is switched to SO 2 . The voltage at the anode ͑ϳ0.31 V͒ is such that any SO 2 crossing the membrane to the water side is oxidized to H 2 SO 4 . This operation is opposite of normal electrolyzer operation; during the electrochemical monitoring technique, the water side serves as the anode, and SO 2 crossing the membrane is oxidized to H 2 SO 4 . Thus, the anode voltage must be above 0.158 V, and the limiting current indicates that all SO 2 crossing the membrane is oxidized. The limiting current density reached at t f is the SO 2 crossover current, i SO 2 . The membrane pressure differential, ⌬P, is subsequently increased to 100 kPa and then to 150 kPa, resulting in a lower value for i SO 2 . The decrease in i SO 2 as ⌬P increases is indicative of the convective flux of SO 2 toward the gas side due to water flux.
The portion of the data in Fig. 2 where the N 2 feed was switched to SO 2 at ⌬P = 0 kPa is shown in Fig. 3 . The time axis, starting with the switch at t ‫ء‬ , has been normalized with respect to t f . The SO 2 crossover current density, i SO 2 , has been normalized with respect to the limiting current density. The transient data in which the SO 2 crossover current density increased to the limiting value were used in a least-squares model 18 to determine D SO 2 and C SO 2 ‫ء‬ via Eq. 11. The diffusion coefficient at 80°C was D SO 2 = 2.86 ϫ 10 −6 cm 2 /s, and the solubility in Nafion was C SO 2 ‫ء‬ = 1.58 ϫ 10 −4 mol/cm 3 . Equation 11 was derived assuming N w = 0, which is true for the data shown between t ‫ء‬ and t f in Fig. 2 and 3 . When a pressure differential is applied, N w 0, and Eq. 11 is no longer valid. However, the steady-state current is still a measure of the steady-state SO 2 crossover occurring during electrolyzer operation. Therefore, the steady-state current was measured for N115 and N212 at various membrane pressure differentials. These data are shown in Fig. 4 along with the model predictions for i SO 2 obtained via Eq. 7 and 13. The data and model predictions indicate that i SO 2 is higher for N212 than for N115. For example, at ⌬P = 400 kPa, i SO 2 is approximately 11.1 mA/cm 2 for N212 and 4.4 mA/cm 2 for N115. The decrease in i SO 2 observed in the thicker N115 membrane is due to the lower diffusion term in the convection-diffusion equation ͑Eq.
7͒.
Another trend is observed in Fig. 4 , namely, that as ⌬P increases, i SO 2 decreases. The decrease in i SO 2 as the pressure differential increases is the same trend observed during the electrochemical monitoring technique in Fig. 2 . One concludes that as the pressure differential is increased ͑and hence the water flux to the anode due to Eq. 4͒, the SO 2 crossover decreases due to its solubility in water ͑i.e., the convective term in Eq. 7 works to counter diffusion͒.
The solubility and diffusion coefficient of SO 2 as functions of temperature are shown in Fig. 5 for N115. The data were obtained by the electrochemical monitoring technique in the same manner described above. As expected, the solubility of SO 2 is higher at lower temperatures. 21 For example, we have indicated in the discussion of the electrochemical monitoring technique in Fig. 2 and 3 values reported for N115. It was determined that the solubility of SO 2 in a hydrated Nafion membrane was within 10% of the reported value for the solubility in water. 21 This result is consistent with our understanding of a hydrated Nafion membrane, in which as many as 20 moles of water can exist for each mole of sulfonate group.
We have shown that at the very low current densities ͑i.e., Ͻ0.02 A/cm 2 ͒ achieved in the electrochemical monitoring technique, increasing the membrane pressure differential, ⌬P, leads to a decrease in the SO 2 crossover current density, i SO 2 . This is due to the increased water flux to the anode observed in Fig. 1 , which increases the convective term in Eq. 7 and offsets diffusion. In addition to increasing water flux to the anode by increasing ⌬P, one can also increase water flux by increasing the electrolyzer current density, as shown in Fig. 1 . One would expect that, just like increasing ⌬P lowers i SO 2 , increasing the electrolyzer current density should also lower i SO 2 .
This trend is observed in Fig. 6 . As the current density increases ͑increasing the water flux to the anode͒, the convection term in Eq. 7 becomes larger, continually offsetting the diffusion term. As a result, the SO 2 crossover current density, i SO 2 , decreases. The decrease in i SO 2 as the current density increases can be quite dramatic, and i SO 2 actually goes to zero for N115 at sufficiently high ⌬P and current density. Unfortunately, it is not possible to experimentally measure the SO 2 crossover current, i SO 2 , while the electrolyzer is operated under load. For this reason, the only experimental data presented in Fig. 6 are for the zero current case, which was taken from Fig. 4 . However, these data do provide a quantitative agreement between the water flux and the SO 2 crossover. Therefore, it lends credibility to the values of the SO 2 crossover predicted under load from Eq. 4 and 7, and shown in Fig. 6 . As a means to further estimate the SO 2 crossover under load and determine the extent of sulfur deposition via Reaction 3, sulfur deposition at the cathode was correlated with water flux predicted by the model by utilizing EDX elemental analysis. N115 membranes were run under several different conditions, and cross sections were taken of each membrane for EDX elemental analysis. The conditions, referred to as cases 1-4, are reported in Table I . Cases 1, 2, and 4 were run at a constant membrane pressure differential, ⌬P, and current density for different lengths of time. Case 3 was run at a constant current density, but ⌬P was changed at a point in the experiment.
EDX elemental analysis provides elemental weight percents in the anode and cathode. Because the mass of Pt in the electrodes is known, the total mass of the electrode can be determined from the weight percent data. The mass of sulfur in the electrodes is calculated from the sulfur weight percent via EDX and the total mass of the electrode. Because reduction of SO 2 to sulfur via Reaction 3 cannot occur at the anode, any sulfur in the anode is taken to exist due to the Nafion ionomer used as a binder. Hence, the sulfur content in the anode from EDX is taken as the background value. The additional sulfur found in the cathode after electrolyzer operation is assumed to be from the reduction of SO 2 crossing the membrane to sulfur via Reaction 3.
Investigating case 1, the model predicts no SO 2 crossover under these conditions, as shown in Fig. 6 . EDX elemental analysis has shown negligible difference in the sulfur content of the anode and cathode, indicating no SO 2 crossover or reduction to sulfur in the cathode.
For case 2, the model predicts SO 2 crossover current density of i SO 2 = 3.2 mA/cm 2 , corresponding to a total sulfur crossover during the 16 h run of 9.55 ϫ 10 −3 mol. Under the conditions of case 2, 3.13 ϫ 10 −5 mol of sulfur were reduced at the cathode. Thus, only about 0.33% of the sulfur crossing the membrane was reduced to elemental sulfur at the cathode.
A similar analysis was performed for cases 3 and 4, with very similar results, as shown in Table I . Thus, approximately 0.35% of the sulfur crossing the membrane is reduced to elemental sulfur at the cathode, regardless of operating conditions. The rest of the sulfur, in the form of SO 2 , is swept out of the cathode compartment with the water. The percent of sulfur crossing the membrane, in addition to being small, is almost the same at each condition tested. Therefore, reducing the amount of SO 2 crossing the membrane should result in a lower rate of sulfur reduction at the cathode. At sufficiently high ⌬P and current density, it is observed that SO 2 crossover can be prevented. To visualize the EDX analysis, the membranes were imaged by SEM under the conditions of cases 1-4. A representative sample ͑case 4͒ is shown in Fig. 7 . All cases showed similar SEM images. The white vertical band at the right of Fig. 7 is the anode. The Nafion membrane ͑N115͒ is to the left of the anode, followed by the cathode. A sulfur layer has built up to the left of the cathode. The gas diffusion layers were removed from the MEA prior to imaging by SEM, and it is not clear to what extent that sulfur reduction occurs inside the gas diffusion layer. EDX elemental analysis has shown that approximately 0.35% of SO 2 crossing the membrane reduces to sulfur at the cathode. However, SEM images have not shown a visual change in the cathode after sulfur reduction. Comparing EDX elemental analysis results with the SEM image in Fig. 7 indicates that sulfur reduces inside the porous cathode until the pores are filled with sulfur. After this occurs, it appears that sulfur begins to build up outside of the cathode. However, we have not seen a delamination of the cathode, with a sulfur layer between the cathode and the membrane, as reported by SRNL. 17 Besides changing the composition of the cathode and potentially building up into the gas diffusion layer, sulfur deposition via Reaction 3 consumes current that would ideally be used for the production of hydrogen. This serves to render the electrolyzer less efficient, but the current consumed by the reduction to sulfur is small enough that current efficiencies are still Ͼ99%. SO 2 crossing the membrane is lost to the sulfur cycle and must be added as fresh SO 2 . The SO 2 crossing the membrane could also contaminate the H 2 product stream. The reduced sulfur at the cathode results in a compositional change of the electrode. It has not been shown, however, that changing the composition of the electrode over time results in significant voltage losses because the longest operation has only been for 100 h. It has been shown that the SO 2 crossover can be controlled by two means, namely, by increasing the current density and by increasing the pressure differential. Both methods increase the water flux to the anode, which increases the convective transport of SO 2 toward the anode.
Conclusions
The mechanism of the SO 2 crossover in the hybrid sulfur PEM electrolyzer has been investigated as a function of applied current, membrane thickness, and pressure differential. The SO 2 crossover is important because it could introduce SO 2 into the hydrogen stream, results in a loss of sulfur to the cycle, and can potentially reduce to sulfur upon reaching the cathode. This reduction has been shown by the SEM image and elemental analysis to change the composition of the cathode relative to the anode but has not been shown to significantly affect the cell voltage during a long-term operation. However, the current lifetime operation of the electrolyzer has reached 100 h; a longer lifetime testing is needed to fully understand the effect of sulfur reduction at the cathode.
We have shown that the extent of the reduction to elemental sulfur is approximately 0.35% of the sulfur crossing the membrane, indicating that reducing the SO 2 crossover can lead to a lower rate of reduction to elemental sulfur. We have shown that the SO 2 crossover to the cathode can be controlled by managing the water flux to the anode. Because SO 2 is soluble in water, the water flux to the anode contributes to the convective transport of SO 2 to the anode. We have shown that by increasing the current density or by increasing the pressure differential, one can limit the SO 2 crossover to the cathode, which prevents any change in the cathode catalyst due to sulfur reduction.
